Summary.-Experiments were conducted to determine the dose response of rat bladder urothelium to a range of different single and fractionated intravesicular doses of the carcinogen, N-methyl-N-nitrosourea (MNU). A dose-related response of bladder-tumour incidence to single graded doses of MNU was found, and a threshold dose suitable for use in multistage carcinogenesis experiments was derived from these data. For any given total dose of MNU, the tumour incidence was greater if the MNU had been administered in several small fractions than if it had been administered in fewer larger ones. Extending the interval between doses did not reduce the tumour incidence. It is argued that these results support the multistage theory of carcinogenesis. The histopathology and cell-surface alterations which characterize the development of MNU-induced bladder cancer are described and the contribution of hyperplasia and calculi are discussed.
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THE INTRAVESICULAR INSTILLATION of
fractionated doses of N-methyl-N-nitrosourea (MNU) to induce rat bladder cancer (Hicks & Wakefield, 1972) was developed to provide a more controllable animal bladder-cancer model than those which were then available, using carcinogens in the diet or drinking water. MNU is a direct-acting carcinogen which does not need to be metabolized to an active intermediate, and produces persistent, multiple methylation of the DNA in tissues with which it comes in contact (Frei & Lawley, 1975; Cox & Irving, 1976) . It decomposes spontaneously in aqueous solution at a rate proportional to pH, and its half-life in the body was reported to be about 5-10 min (Swann, 1968) . It is thus practicable to administer short pulses directly to the bladder via a urethral catheter, and to investigate the doserelated response of the urothelium to this model alkylating carcinogen.
The development of this rat bladder model lasted for about 4 years with a single batch of MNU, sample A. This sample was generously provided by P. N. Magee, who had demonstrated in vivo its carcinogenic activity in other rat tissues. It had been obtained from the Schuchardt Chemical Company and was recrystallized at the MRC Toxicology Institute, Carshalton, to give a yellow crystalline preparation with a melting point of 122-124°C. This sample gave consistent results, such that a single dose of < 2 mg produced no urothelial tumours, a single dose of > 3 mg was lethal, but 6 mg administered in 4 fractions of 1P5 mg at 2-weekly intervals produced a 100% incidence of bladder cancer (Hicks & Wakefield, 1972) . Since the first fraction of 1P5 mg was itself sub-carcinogenic, in subsequent studies into the multistage nature of carcinogenesis in the urinary bladder this dose was used to initiate the urothelium before studying the effect of other promoting agents (Hicks et al., 1975 Hicks & Chowaniec, 1977; Hicks, 1980) .
After finishing the first batch of MNU (sample A), single doses of 1P5 mg or 2*0 mg of other batches, used both here and in other laboratories, proved to be carcinogenic and produced bladder-cancer incidences of -20% and -400o respectively Mohr et al., 1979; Hicks, 1980; Hooson et al., 1980) . This suggested that the MNU sample A may have partially decomposed before we started using it, but its activity had then remained stable. It thus proved necessary to recalibrate the response of the urinary bladder to this carcinogen and to redetermine an appropriate threshold dose. This paper reports the data from which a threshold dose has been selected for further work on multistage carcinogenesis using the MNU Wistar rat bladder model. It provides new information on the reaction of the urothelium to different fractionated doses and the persistence of the initiating event. The histopathology and alterations in cell structure which characterize the development of MNU-induced bladder cancer are also described and the significance of hyperplasia explored. (7) 19 (40) 5 (17) 1 (2) * The starting number for this group was deliberately high to increase confidence in the results obtained with a single dose of 1-5 mg. This dose of the previous batch of MNU, sample A, had had "no effect" in our earlier experiments.
with a given fraction size took place (e.g. 0-1 mg MNU; experiments 4a, b, c, d, and e), after the appropriate number of doses had been administered animals not destined for further treatment were again randomly selected.
Histology and electron microscopy.-Animals were killed by cervical dislocation and examined for the presence of tumours. The urinary bladder was exposed, emptied by gentle pressure and, after clamping the urethra, cacodylate-buffered 4% formaldehyde (pH 7.3) was injected to fill but not overdistend the bladder. The serosal surface was then bathed with the fixative, and after 4 min the bladder was excised, opened and inspected for macroscopic abnormalities (e.g., thickened areas, tumours and calculi). Representative samples were either further fixed in formalin for light microscopy or cut into 1mm3 blocks and post-fixed in cold cacodylatebuffered 1% osmium tetroxide for electron microscopy. Other organs were examined for gross abnormalities, and the kidneys, lungs, liver, uterus, spleen and pancreas routinely processed for histology. All specimens for histology were fixed in formalin, embedded in paraffin wax, sectioned, and stained with haematoxylin and eosin. Thin sections ( 80 nm) of Spurr-embedded bladder were contrast-stained with uranyl acetate and lead citrate for electron microscopy, and semi-thin (1,um) sections stained with toluidine blue for high-resolution light microscopy. At least 3 blocks from each bladder were examined by the latter method to complement the results obtained by conventional histology. The few animals that were found dead were processed for histology only. groups were untreated. It can be seen that as the amount of MNU administered was increased, there was a progressive rise in tumour incidence. However, even at the highest dose, tumour incidence reinained low (19%). On the basis of these data, a bladder-tumour incidence of 100% appears to be unobtainable from a single sub-lethal dose of this carcinogen.
Tumour incidence after multiple dose8 of MNU The effect of splitting a given total dose into a series of smaller fractions was investigated. Two, 3 and 4 consecutive doses of 0-1 mg MNU were administered to separate groups of animals. Corresponding experiments were run using repeated doses of 0'5 and 1 5 mg MNU. The results (Fig. 2) show a clear relationship between tumour incidence and the number of doses in each case. For any given number of doses, the tumour yield rises as the dose level is increased, and with 3 doses of 1P5 mg tumour incidence is 100%. Expressing the same results in terms of the cumulative amount of MNU administered (Fig. 3) , it can be seen that for any given total dose of MNU, tumour incidence was greater after smaller fractions of MNU than after larger fractions.
Effect of interval between fractions
The experimental groups given 2 doses of 0'1 and 0.5 mg MNU 2 weeks apart were compared with corresponding groups in which the same doses were separated by 601-0 25 weeks. This extended interval did not Hperprasias reduce the tumour incidence (Fig. 2) .
Incidence of hyperplasia MNU-treated bladders showed a much higher incidence of hyperplasia than the controls (Fig. 4) . Though the response was dose-related, the increase in hyperplasia Tumours with dose was less marked with single graded doses (Fig. 4A) owing to the high incidence even at the lowest dose (0.1 mg). Some animals in the groups receiving single doses or multiple low doses of MNU retained a normal pattern of urothelial differentiation (Fig. 6 ). In the 0 1mg series, for example, the proportion of bladders with only normal-looking urothelium ranged from 53%0 in rats receiving a single dose down to 14% in those treated with 4 doses. A reduction in the number of bladders with normal differentiation was also found as single graded levels were increased (e.g.. 0 5 mg MNU, 42% normal; 1.0 mg MNU, 26% normal). It is noteworthy that although most control bladders showed normal urothelial differentiation, 10% had mild focal hyperplasia, and 1 tumour was found at the end of the 2-year period.
Hyperplasias were categorized as simple, papillary or nodular, though gradations between these forms and combinations of them were common in all the treated groups.
Simple hyperplasias were characterized by the presence of a thickened urothelium in which an orderly differentiation from basal to superficial cell layers was apparent. Superficial cells were sometimes flattened, though not necessarily fully differentiated, and blood vessels were often conspicuous at the base of the urothelium. As the thickness of the urothelium increased, there was a loss of cellular organization, and blood vessels were frequently found growing up into or arching within the urothelium. Some hyperplasias displayed a distinct nodular growth pattern at an early stage (Fig. 7) . Further development of the nodules was associated with increasing cellular pleomorphism and infiltration of urothelial cells into the stroma (Fig. 8 ).
Lesions at this stage were classified as transitional-cell carcinoma with a nodular growth pattern.
Papillary hyperplasias were more common than the nodular variety, and were associated with an exophytic proliferation of blood vessels towards the bladder lumen. Even in mildly hyperplastic bladders, early blood-vessel development and marked atypia and disorganization in the neighbouring urothelial cells were sometimes seen (Fig. 9) . It is a matter of judgement whether the degree of cell atypia is sufficient to classify this type of lesion as carcinoma in situ. Such "early" lesions were frequently associated with well developed papillary tumours, like those illustrated in Figs. 10 and 11. Fig.  10 shows part of an extensive early papillary tumour, and Fig. 11 (Fig. 12) , sometimes extending deep into the bladder wall (Fig. 13) . The invading cells often appeared increasingly pleomorphic, bearing little resemblance to the urothelial cells from which they were derived (Fig.  14) . Most of the papillary lesions, whether or not there were invasive regions, were well-differentiated transitional-cell tumours and often showed areas of squamous metaplasia (Fig. 15) .
Cystitis cystica and adenocarcinomas were not observed in these animals.
No metastases from the bladder tumours were found in other organs, though a few neoplasms were found in the uterus and the kidneys of some of the MNU treated animals.
A single untreated control rat developed a bladder tumour, detected at 86 weeks after the start of the experiment. This animal also had an extensive papillary tumour of the kidney calyx, associated with a large kidney stone. Calculi were also present in the bladder, but otherwise no macroscopic abnormality was evident. On microscopic examination, however, a flat invasive transitional-cell tumour (P2) which displayed focal regions of mucous metaplasia was found. The surface urothelium was of almost normal thickness but invaginated as projections into the stroma (Fig. 16 ). This growth pattern was rarely found after MNU treatment.
Electron microscopy
A scalloped luminal-membrane profile of semi-rigid concave plaque regions separated by flexible interplaque peaks is the hallmark of normal differentiation in the urothelium, and was present in most of the untreated control animals. Such a structure was also typical of the carcinogen-treated bladders diagnosed as normal by light microscopy, and was also seen in some regions of normal appearance from tumour-bearing bladders (Fig. 17) . Transitional-cell tumours displayed 2 characteristic structural features-pleomorphic microvilli and a prominent glycocalyx-at the luminal face of some but not all surface cells. Often these structures were associated with one another, though this was not invariable. The tumourcell surface in Fig. 18 , for example, has abundant well-developed microvilli but no glycocalyx, whereas the irregular but non-microvillous surface depicted in Fig.  19 shows a conspicuous glycocalyx. Considerable morphological variation in both the microvilli and the glycocalyx was found, though the exact form of structural differentiation tended to remain constant over the surface of a given cell. Some microvilli consisted of rather short, stubby projections with knobby heads (Fig. 20) and apparently developed from interplaque regions of the luminal membrane, as normal differentiation was lost. Glycocalyx material was more profuse over the surface of microvilli than on the intervening membrane regions, though it was rarely completely excluded from them (Figs. 20 and 21) . The filaments comprising the glycocalyx ranged from coarse electron-dense beaded structures to fine ones . Longer filaments were often branched, and although the branches The single bladder tumour from the control group also revealed short microvilli at the luminal surface which were covered with a fine filamentous glycocalyx (Fig. 22) . DISCUSSION MNU has a short (5-10 min) half-life in the body (Swann, 1968) , but its rate of decay is pH-dependent, and at the normal pH of rat urine (6.0-6.5; Chowaniec & Hicks, 1979) it will persist much longer. Using tritiated MNU and high-pressure liquid chromatography, we had previously demonstrated the half-life of MNU in Hanks' balanced salt solution to be -300 min at pH 6-0, 150 min at pH 6-3 and 90 min at pH 6-5 (Knowles, Moore and Hicks, umpublished). The MNU solution instilled into the bladder in the current experiments mixes with fresh urine (pH 6 0-6'5) arriving from the kidneys, and clearly persists long enough to react with macromolecules in the urothelial cell. Indeed, using our instillation technique, Cox & Irving (1977) demonstrated temporary alkylation of various bases in rat urothelial cell DNA, and the persistence of 06-methylated guanine with accumulation of the 06 product after repeated instillations of MNU into the bladder. Provided the method of preparation and instillation of the MNU solution is carefully standardized, our results demonstrate that any pH-related decay does not confound the dose-related response of the urothelium to MNU. As can be seen from Fig. 1 , there is a good dose-related response of the urinary bladder to the carcinogenic effect of MNU administered in single graded doses. Furthermore it can be seen from Tables  I & II and Fig. 2 that the effect of repeated small doses of the carcinogen is cumulative and that, using different aliquots, there is a dose-response curve. When the tumour incidence is plotted against the total cumulative dose (Fig. 3) it can be seen that for any given total dose the tumour response is greater if the MNU had been administered in the smaller fractions. This reflects the doserelated toxicity of MNU. Larger fractions may transform more cells, but at the same time fewer cells survive toxic damage, so that the surviving population available for reaction with subsequent doses is progressively reduced.
Although much higher doses of the first batch of MNU (sample A) had to be used to obtain the same effect, a good doserelated response had been obtained with that preparation also . With sample A, 1P5 mg was sub-carcinogenic, whereas 1-5 mg of later freshly prepared samples of MNU (sample B) produced a bladder cancer incidence of 20%. Nevertheless, the results obtained with sample A remain valid, since there were always appropriate concurrent controls, and the dose response remained consistent for several years. Similar variability between different batches of another carcinogen, N-(4-(5-nitro-2-furyl)-2-thiazolyl) formamide (FANFT) has been reported. In some experiments, 6 weeks' feeding of 0 2% dietary FANFT proved to be a subthreshold dose (Jacobs et al., 1977) whereas in others it produced a 20% bladder-tumour incidence (Cohen et al., 1979) . Again since concurrent controls were used the results are valid for both sets of experiments.
It was hoped that an absolute dose of MNU (sample B) suitable for initiation in multistage carcinogenesis could be derived from the data in Figs 1 & 2 . Ideally, such a dose should be high enough to initiate a large proportion of cells, but too low to complete the subsequent promotion and propagation stages of carcinogenesis. In that situation, no tumours would developed until the initiated cells were acted upon by promoters or further doses of a carcinogen. However, inspection of Fig. 1 shows that there is no threshold dose of sample B below which tumours were completely absent. Furthermore, one animal in a group of 51 controls also develop a bladder tumour. This is the only "spontaneous" bladder tumour observed in our Wistar rat colony during 15 years, and in this instance may well have been seeded from the transitional-cell tumour found higher up in the urinary tract in the renal pelvis. These findings emphasize the difficulties in achieving the ideal characteristics for a multistagecarcinogenesis animal model in vivo. In practice, determination of a true initiating dose may be unrealistic. A compromise has to be made based on the minimum tumour incidence induced by a single dose that is consistent with a markedly increased incidence on subsequent dosing. On this basis, the present results suggest a single treatment of 0 3-0 5 mg MNU as a suitable threshold dose for studying multistage carcinogenesis in the Wistar rat model. It must be remembered, however, that the persistence (and therefore the effective dose) of MNU in the bladder will be affected by urinary pH, and that this in turn may be altered by diet. Furthermore, different mouse strains are known to have different susceptibilities to individual carcinogens (Andervont & Edgcomb, 1956; Festing, 1975) and the same may well be true for different rat strains. It may thus prove necessary to adjust the threshold dose used in any particular laboratory and for any particular strain of rat. In such experiments, the requirement for concurrent controls using the same batch of carcinogen cannot be emphasized too strongly.
In the current series of experiments, tumour incidence remained essentially unchanged on extending the interval between 2 doses of MNU, confirming that the carcinogenic damage induced by the first dose persists over a long period. This is consistent both with the original concept of initiation as a permanent alteration to the cell (Berenblum, 1941) and with the reported persistence of 06_ methyl-guanine in the DNA of MNUtreated urothelium (Cox & Irving, 1977) . However, a reduced bladder-tumour incidence was observed in another system in which a delay was interposed between initiation and promotion treatments. In the FANFT model, when saccharin was used as a promoter, fewer tumours were found when 6 weeks were allowed between the FANFT and saccharin treatments than when no interval was given (Cohen et al., 1979) . In the same model, Arai et al. (1977) demonstrated the promoting activity of cyclophosphamide, but this activity disappeared if administration was delayed for 6 weeks after completion of the FANFT treatment. Thus, in contrast to the carcinogenic damage induced by MNU, some of the damage induced by FANFT may be repaired.
The mild focal hyperplasia in 10% of untreated bladders at the end of the 2-year period indicates that the experimental results should be interpreted against a background of age-related pathological change. A few hyperplasias in control Wistar males (but not females) were recorded in previous experiments from this laboratory (Chowaniec & Hicks, 1979) .
Our finding that the incidence of hyperplasias as well as tumours is doserelated (Fig. 4) supports the histopathological evidence that tumours develop from hyperplastic lesions. However, not all hyperplasias necessarily progress to tumours, and the-exact significance of hyperplasia in the biogenesis of tumours remains under discussion. A "precursorproduct" relationship between persistent hyperplasias (i.e. those persisting 9 months or longer) and tumours which had developed 9 months later, was established in 2-acetylaminofluorene (2-AAF)-treated BALB/c mice, even though some early hyperplasias in that system regress if treatment is stopped (Littlefield et al., 1979) . The early hyperplasia (i.e. at 2 days to 3 weeks) after a single dose of MNU or a single dose of cyclophosphamide rapidly regresses, and normal differentiation is subsequently restored (Hicks & Wakefield, 1972; Koss & Lavin, 1970) . Although a few of the hyperplasias present at the end of the current experiments could possibly have arisen as a late temporary response (e.g. to the irritant effect of a calculus) it seems probable that most were of the persistent type and, as in the 2-AAF system, represent preneoplastic lesions potentially leading to tumours. However, within the time-scale of the experiments, clearly only a small proportion of these hyperplasias is able to progress to tumours, as is shown bv Fig. 4 .
The irritant effect of calculi and the consequent increase in cell turnover is thought to give a propagating stimulus to tumour growth in the rodent bladder (Chapman et al., 1973) and the presence of calculi in one-third of the tumour-bearing bladders in the present experiments is consistent with this view. However, since the presence of calculi was not related to MNU dose, and not only do some tumours develop in the absence of calculi but also calculi sometimes occur in tumour-free bladders , the presence of a calculus cannot be considered as obligatory to tumour formation (cf. Clayson, 1974) .
The hyperplastic and neoplastic lesions of the urothelium induced by MNU appear similar to those induced by other bladder carcinogens (e.g. FANFT, BBN and bracken fern), and the pathways of tumour development are probably common to all these experimental systems (Kunze et al., 1976; Tiltman & Friedell, 1971; Pamukcu et al., 1976; . In previous ultrastructural investigations, pleomorphic microvilli and a filamentous or beaded glycocalyx have been identified as morphological markers of neoplastic transformation in the bladder (Hicks & Wakefield, 1976; Newman & Hicks, 1977; Shirai et al., 1978) . Our present studies demonstrate that these structures may exhibit a striking variety of form, and that they occurred in both the one "spontaneous" and the MNU-induced rat bladder tumours. Although pleomorphic microvilli have been consistently regarded as a characteristic marker for neoplastic transformation in the urothelium (Newman & Hicks, 1977; Jacobs et al., 1977; Shirai et al., 1978) a recent report describes their occasional presence in severe reversible hyperplasia (Fukushima et al., 1981 ). An occasional cell with microvilli is sometimes found in urine sediments from healthy humans with no neoplastic disease of the urinary tract, but such cells are far more numerous in sediments from bladder-cancer patients (Newman & Hicks, 1981) . Both qualitative and quantitative changes are thus associated with neoplastic transformation and, rather than placing absolute reliance on any single phenotypic marker, both must be assessed when judging the probability of the urothelium progressing to neoplasia.
In conclusion, the present results with fractionated doses of MNU, together with previous reports from this laboratory (Hicks & Chowaniec, 1977; Hicks, 1980) , demonstrate a multistep process of carcinogenesis in the bladder. This suggests that bladder carcinogenesis has many characteristics in common with the classical multistage model derived from studies on the mouse epidermis (Berenblum, 1974) . Evidence has accumulated that the multistage model is applicable to carcinogenesis in the liver (Peraino et at., 1973; Farber & Solt, 1978; Pitot et al., 1978) and possibly in the colon (Reddy et al., 1978) and lung (Witschi & Lock, 1978) . Furthermore, epidemiological studies suggest that the development of many human carcinomas also follows a temporal sequence of events (Peto, 1977) . The multistage model thus provides a useful framework within which to analyse the development of neoplasia in epithelial tissues.
